Paturi S, Gutta AK, Kakarla SK, Katta A, Arnold EC, Wu M, Rice KM, Blough ER. Impaired overload-induced hypertrophy in obese Zucker rat slow-twitch skeletal muscle. J Appl Physiol 108: 7-13, 2010. First published September 24, 2009 doi:10.1152/japplphysiol.00330.2009.-The effect of insulin resistance (IR) on the adaptation of skeletal muscle loading is not well understood. Here we examine whether the soleus muscles of the lean Zucker (LZ) and insulin-resistant obese Zucker (OZ) rat exhibit differences in their ability to undergo muscle hypertrophy following 8 wk of mechanical overload. Four-week-old male LZ (n ϭ 5) and OZ (n ϭ 5) rats underwent unilateral surgical ablation of the gastrocnemius muscle while the contralateral hindlimb was used as an internal control. Mechanical overload increased soleus muscle wet weight (LZ 57% and OZ 33%, respectively; P Ͻ 0.05) and average type 1 fiber cross-sectional area (LZ 32% and OZ 5%, respectively; P Ͻ 0.05) in LZ and OZ rats, while the magnitude of these increases was greater in the LZ animals (P Ͻ 0.05). The reduced degree of muscle hypertrophy observed in the OZ animals was associated with decreases in the ability of the OZ soleus muscle to phosphorylate p70s6k
INSULIN RESISTANCE (IR) and the development of type 2 (noninsulin dependent) diabetes mellitus (DM) is an emerging epidemic in Western cultures that is thought to afflict over 180 million people worldwide (13) . Although exercise is commonly prescribed for the treatment of these disorders, relatively little is known regarding how IR may affect muscle adaptation. The beneficial effects of exercise on muscle are thought to be mediated through the activation of various signaling cascades involved in regulating changes in gene expression. Because skeletal muscle is a primary site of glucose disposal it is likely that modalities designed to increase muscle mass may be particularly beneficial for the treatment of IR (31) . How IR may affect the potential of skeletal muscle to undergo muscle hypertrophy is not well understood.
Recent studies have suggested that differences may (10, 11, 20, 26, 39, 43) or may not (4, 39) exist between normal and IR muscle in their adaptation to an exercise regimen. Work from our laboratory using the IR obese Zucker (fa/fa) rat has suggested that IR may impair the ability of the skeletal muscle to activate mitogen activated protein kinase (MAPK) signaling in response to a bout of increased muscle loading (27) . Although this study did not look at phenotypic adaptation, it nonetheless is consistent with the notion that IR affects the load-induced muscle signaling.
Recent in vitro and in vivo studies have suggested that increased muscle loading correlates with increases in the rate of protein synthesis (3, 36, 40) . One critical signaling pathway controlling protein synthesis during mechanically induced skeletal muscle growth involves mammalian target of rapamycin (mTOR) and its downstream protein p70 ribosomal protein S6 kinase (p70s6k). Previous studies have implicated mTOR in the muscle adaptation to increased contractile loading (17, 29, 37) . The p70s6k lies downstream of mTOR and its activation leads to hyperphosphorylation of the ribosomal protein, S6, enabling the upregulation of 5=-TOP mRNA for encoding translational machinery and ribosomal proteins (1) . mTOR/ p70s6k signaling is thought to be negatively regulated by AMPK and Tuberin/TSC2, and recent data suggested that higher phosphorylation of AMPK and Tuberin/TSC2 are associated with decreased muscle protein synthesis (2, 8, 15, 30) .
The purpose of this study was to determine if IR affects the potential of skeletal muscle to undergo muscle hypertrophy. On the basis of our previous work demonstrating differences in muscle MAPK regulation with IR and other studies demonstrating alterations in the adaption of IR muscle to exercise (10, 27, 39) , we hypothesized that IR muscle would exhibit a diminished ability to undergo skeletal muscle hypertrophy. To test this possibility, we subjected the soleus muscles of obese Zucker (OZ) and lean Zucker (LZ) rats to 8 wk of mechanical overload. Our data suggests that IR or other comorbidities may be associated with decreases in the ability of the soleus muscle to undergo muscle hypertrophy and that this alteration might be associated with differences in the activation of signaling pathways involved in regulating protein synthesis. Taken together, these results indicate that IR or other related comorbidities may affect how the soleus muscle adapts to an overload stimulus.
MATERIALS AND METHODS
Animal care. All procedures were performed as outlined in the "Guide for the Care and Use of Laboratory Animals" as approved by the Council of the American Physiological Society and the Animal Use Review Board of Marshall University. Young (4 wk, n ϭ 5) male lean Zucker and young (4 wk, n ϭ 5) male obese Zucker rats were obtained from the Charles River Laboratories. Rats were housed two per cage in an American Association for Accreditation of Laboratory Animal Care approved vivarium. Housing conditions consisted of a 12:12-h dark/light cycle and temperature was maintained at 22 Ϯ 2°C. Animals were provided food and water ad libitum and allowed to recover from shipment for at least 2 wk before experimentation. During this time the animals were carefully observed and weighed weekly to ensure that none exhibited signs of failure to thrive, such as precipitous weight loss, disinterest in the environment, or unexpected gait alterations.
Materials. Surgical procedures. Rats were anesthetized with a ketaminexylazine cocktail (50 mg/kg ip) and supplemented as necessary for reflexive response. In a sterile aseptic environment, the dorsal surface of the hindlimb was shaved and cleaned, and the superficial musculature was exposed by means of a proximal-to-distal incision through the skin and blunt separation of the skin and fasciae. The medial gastrocnemius and the proximal two-thirds of the lateral head of the gastrocnemius of the left hindlimb were carefully isolated by blunt manipulation of the tissues and were removed (6) . Soleus, plantaris, and other muscles were left intact. A sham (control) operation was performed on the right hindlimb. This consisted of an incision through the skin and isolation of the Achilles tendon, but without disruption of the gastrocnemius muscle. Care was taken to leave the nerve and vasculature supply to the remaining musculature undisturbed. Incomplete removal of the synergists was done to ensure that the nerve and vascular supply remained intact. After recovery from anesthesia, animals were returned to their cages. Muscle loading was terminated by animal death after 8 wk.
Tissue isolation. Animals were anesthetized with a ketaminexylazine (4:1) cocktail (50 mg/kg intraperitoneal injection) and supplemented as necessary for reflexive response. Soleus muscles were quickly removed, blotted dry, weighed, and immediately frozen in liquid nitrogen. Tissues were stored at Ϫ80°C until use.
Measurement of fiber cross-sectional area. Prior to biochemical processing, muscles were cut into thirds with the middle segment reserved for histological analysis. After flash freezing in liquid N2 muscles were sectioned (8 m) in a cryostat at Ϫ20°C. Tissue sections were collected on poly-lysine-coated microscopic slides (Superfrost, Fisher Scientific) and histochemically reacted for myofibrillar ATPase activity after alkaline (pH 9.4) preincubation as previously outlined (35) . Digital images of ATPase-stained sections were taken with an Olympus fluorescence microscope (Melville, NY) fitted with a ϫ20 objective. Muscle fiber cross-sectional area (CSA) was measured using Imaging software (AlphaEaseFC) software by tracing around the borders of the individual muscle fibers as previously described (44) . Fibers from three different animals were quantified for each of the experimental groups.
Preparation of protein isolates and immunoblotting. Portions of muscle obtained from the soleus midbelly (20 mg) were pulverized in liquid nitrogen using a mortar and pestle until a fine powder was obtained. After washing with ice cold PBS, pellets were lysed on ice for 15 min in T-PER (2 ml/100 mg tissue wt) and centrifuged for 15 min at 12,000 g to pellet particulate matter. Protein concentrations of the supernatants were determined using the Bradford method. Samples were diluted to a concentration of 2.0 g/l in SDS loading buffer, boiled for 5 min, and 40 g of protein was separated using 10% SDS-PAGE gels and then transferred to nitrocellulose membranes as previously described (44) . Protein immunodetection was performed as outlined by the antibody manufacturer while immunoreactive bands were visualized with ECL (Amersham Biosciences). Exposure time was adjusted at all times to keep the integrated optical densities within a linear and non-saturated range. Band signal intensity was normalized to GAPDH by densitometry using a flatbed scanner (Epson Perfection 3200 PHOTO) and Imaging software (AlphaEaseFC). Molecular weight markers (Cell Signaling) were used as molecular mass standards and NIH 3T3 cell lysates were included as positive controls.
Statistics. Results are presented as means Ϯ SE. Data were analyzed by using the Sigma Stat 3.0 statistical program. Differences were determined using a two-way ANOVA followed by StudentNewman-Keuls post hoc testing when appropriate. P Ͻ 0.05 was considered to be statistically significant.
RESULTS

IR decreases soleus muscle hypertrophy in response to
overload. Over the 8 wk mechanical overload period, the average body mass of OZ rats was 54% greater than lean counterparts (LZ 414 Ϯ 15 vs. OZ 651 Ϯ 22 g; P Ͻ 0.05). Compared with lean animals, soleus muscle mass was 12% less (LZ 186 Ϯ 8 vs. OZ 163 Ϯ 8 mg) in the OZ rats. Eight weeks of synergistic ablation increased the soleus mass-to-body weight ratio of the LZ and OZ by 58 and 33%, respectively (P Ͻ 0.05; Fig. 1 ). Similarly, overload increased type I fiber CSA to a greater extent in the LZ (32%; 3,540 Ϯ 236 vs. 4,664 Ϯ 710 m 2 ; P Ͻ 0.05), whereas a similar increase is not observed in the OZ animals and in type 2 fibers (P Ͼ 0.05; Fig. 2 ). Taken together, these data demonstrate that the hypertrophic response of the soleus differed between animal models.
IR affects overload-induced signaling in the soleus. To examine the role of p70s6k in overload-induced muscle hypertrophy, p-p70s6k
Thr 389 and total p70s6k levels were compared in control and overloaded soleus muscles of either group. Levels of total p70s6k protein were decreased (P Ͻ 0.05) with overload in the OZ soleus (Fig. 3) . Levels of phosphor Thr 389 protein were increased by 83% (P Ͻ 0.05) in the LZ soleus in response to overload, while it was decreased by 54%, (P Ͻ 0.05) in the OZ soleus (Fig. 3) . Levels of phosphor p70s6k
Thr 389 protein were 58% lower in the overloaded IR muscle compared with the overloaded LZ soleus (P Ͻ 0.05).
In the LZ, total mTOR levels increased by 58% (P Ͻ 0.05) after 8 wk overload but did not alter in OZ rats. The phosphorylation level of mTOR Ser 2448 was not altered compared with unloaded controls in LZ animals, whereas mTOR Ser 2448 phosphorylation in the OZ animals was decreased by 30% during the same time period (P Ͻ 0.05; Fig. 4) . The phosphorylation level of mTOR ser 2448 was 30% lower in the overloaded IR muscle compared with the overloaded LZ soleus (P Ͻ 0.05).
To examine the role of mTOR in mediating the adaptation to increased loading, we examined the degree of TSC2 and AMPK phosphorylation. Compared with control animals, phosphorylated levels of TSC2 were not altered in LZ soleus while these levels increased by 68% (P Ͻ 0.05) in OZ rats after 8 wk of mechanical overload (Fig. 5) . The phosphorylated levels of TSC2 were 181% higher in IR soleus compared with the LZ soleus (P Ͻ 0.05).
The total AMPK levels were 19% more in overloaded OZ rats compared with corresponding LZ rats (see Fig. 7 ). After 8 wk of overload, the levels phosphorylated AMPK were 23% lower (P Ͻ 0.05) while 57% higher (P Ͻ 0.05) in overloaded LZ and IR soleus compared with corresponding control animals (see Fig. 7 ). The phosphorylated levels of AMPK were 220% higher in the IR soleus muscle compared with the LZ soleus after 8 wk of mechanical overload (P Ͻ 0.05).
Paralleling the changes we observed with TSC2 and mTOR, the levels of raptor protein were increased 33% (P Ͻ 0.05) with overload in the LZ animals while decreased 17% (P Ͻ 0.05) in OZ animals with 8 wk of mechanical overload (Fig. 6) . The relative expression level of raptor was 25% lower in the overloaded IR soleus muscle compared with the overloaded non-IR LZ soleus muscle (P Ͻ 0.05). Taken together these results suggest that the overload-induced activation of TSC2 and mTOR-associated signaling may be altered with IR.
DISCUSSION
The obese Zucker (fa/fa) rat is a well established animal model of skeletal muscle IR that is characterized by marked hyperinsulinemia, glucose intolerance, dyslipidemia, and central adiposity (12, 25) . The intent of this study was to determine whether the slow-twitch soleus muscles of normal and IR rats exhibit a similar degree of adaptation to muscle overload induced by surgical ablation of synergistic muscles. The primary finding of this study is our demonstration that IR may diminish the ability of slow muscle to undergo overloadinduced muscle hypertrophy and that this finding appears to be associated with alterations in the activation of intramuscular signaling cascades.
Muscle adaptation to overload is typically characterized by increases in muscle mass and muscle CSA (22, 42) . We observed similar findings in the both animal models; however, the magnitude of overload-induced changes was attenuated in the IR OZ animals. Why the degree of muscle adaptation was less in the OZ animals is not readily clear. It is possible that increasing the length of the ablation stimulus would have normalized the degree of adaptation between the animal models since previous data have shown that muscle adaptation to synergistic ablation appears to continue unabated even after 30 days of overload (21, 23) . Because the hypertrophy stimulus in the synergistic ablation model is dependent, at least in part, on animal activity it is also possible that differences in the degree of adaptation between models could be related to differences in animal activity, obesity, and/or other associated comorbidities. Indeed, previous reports have demonstrated that the OZ rat is significantly less active than the LZ rat (9) . Nonetheless, it should be noted that the greater body mass of the OZ rats should have produced a greater overload stimulus for muscle growth on the weight-bearing muscles. As such, we consider it unlikely that the differences in muscle adaptation we observe are due to differences in the overload stimulus. Future research using other IR models that do not exhibit differences in animal activity or alterations in body weight will certainly be useful in determining if the differences in muscle adaptation we observe are due to factors intrinsic to the muscle or are a byproduct of the experimental model.
Previous reports have demonstrated that increases in muscle protein synthesis following an increase in muscle loading are thought to be regulated, at least in part, by the phosphorylation of p70s6k (3, 19, 32) . Here we report that the magnitude of the overload-induced phosphorylation of p70s6k
Thr 389 appears to be significantly different in the IR soleus muscle compared with that observed in the normal soleus (Fig. 3) . To our knowledge, this finding has not been reported before. The underlying molecular mechanism(s) for this alteration remains unclear; however, it is interesting to note that other studies have demonstrated that the insulin-stimulated phosphorylation of p70s6k may be altered in the diabetic rat model (14, 18, 28) . In the light of these studies, our data suggest that IR may affect how multiple stimuli may regulate the phosphorylation of p70s6k. Future studies designed to examine if IR affects the regulation of p70s6k using different overload models or muscles with different muscle fiber types will no doubt be useful in furthering our understanding of the effects of IR on p70S6k activation.
Like p70s6k, mTOR is thought to be involved in regulating several components of the translational machinery and, in addition, is thought to be an upstream activator of p70s6k (16) . mTOR has also been suggested to be an important regulator of muscle growth as studies showing inhibition of mTOR by the drug rapamycin almost completely inhibit hypertrophy without causing atrophy (7). Here we demonstrate that the phosphorylation (activation) of mTOR appears to be significantly less in the overloaded OZ compared with LZ animals (Fig. 4) . This latter finding is consistent with our data demonstrating that the IR soleus exhibits a reduced ability to undergo hypertrophy and to activate p70S6k following a mechanical overload. Taken together, these data suggest that diabetes-associated alterations in p70s6k regulation may be due, at least in part, to defects in the ability of the IR soleus muscle to activate mTOR following increased muscle loading. 
IMPAIRED OVERLOAD-INDUCED HYPERTROPHY IN OBESE ZUCKER RAT
In an effort to confirm these findings we next examined if IR was associated with alterations in the regulation of Tuberin/TSC2. TSC2 is tumor suppressor gene that inhibits mTOR and is important in regulating cell proliferation and tumor development (24, 34) . TSC2 is inactivated by Aktdependent phosphorylation at Thr1462. Here we demonstrate that the amount of phosphorylated TSC2 was not altered in the LZ soleus with overload (Fig. 5) . Conversely in the OZ soleus, TSC2 phosphorylation was paradoxically elevated after 8 wk of mechanical overload (Fig. 5) . To our knowledge this finding has not been reported before. Because increased TSC2 phosphorylation should favor an increase in mTOR activity it is likely that the differences in mTOR phosphorylation we see between models is not due to an inhibition of mTOR by TSC2. In an effort to try and further understand why mTOR regulation may be altered with IR we next examined how IR may affect the regulation of raptor. Raptor is thought to regulate mTOR signaling by binding to and facilitating the phosphorylation of mTOR substrates such as 4E-BP1 and p70S6k (5, 33) . Similar to our findings for TSC2, overload appeared to affect the regulation of raptor differently in the LZ and OZ soleus muscles (Fig. 6 ). Whereas overload increased raptor protein levels in the LZ animals, raptor levels were not changed following 8 wk of mechanical overload in the OZ soleus. Given that raptor is thought to positively regulate mTOR signaling, the differences in raptor levels in these two models may help to explain the differences in mTOR phosphorylation we observed between the two models.
Similar to raptor and TSC2, it is also thought that AMPK might be involved in regulating mTOR signaling and protein synthesis (8) . AMPK mediates the response to decreased cellular energy status and is a potential negative regulator of mTOR signaling by its ability to phosphorylate TSC2 (30) . The phosphorylation of AMPK has been found to be associated with decreased muscle protein synthesis (8); however, little is known regarding the regulation of this molecule with overload in IR muscle. Similar to our previous findings for p70S6k and mTOR we found that the regulation of AMPK phosphorylation in the LZ and OZ rat differed with overload (Fig. 7) . Here we found that overload in the LZ rat significantly decreased the phosphorylation of AMPK, while the phosphorylation status of AMPK was not changed with overload in OZ rats. This decrease in p-AMPK would be expected to increase mTOR phosphorylation, and our data are consistent with this notion. This finding of alterations in AMPK signaling with IR has been demonstrated previously in the aging Fischer344 Brown Norway male rats (41) and in the OZ rat using endurance training (38) , but to our knowledge this is the first report to examine the regulation of this molecule during muscle hypertrophy. The degree to which alterations in AMPK regulation contributed to the differences we see in muscle hypertrophy with IR are currently unclear and beyond the scope of this study.
In summary, the data of the present study suggest that IR and other related comorbidities may be associated with a decrease in the ability of the soleus muscle to adapt to a strong hypertrophic stimulus. Our findings suggest that this difference in muscle hypertrophy may be related to differences between models in the activation of mTOR, TSC2, raptor, AMPK, and p70S6k signaling. Although this possibility is promising it should be noted that the functional role of these molecules in regulating muscle hypertrophy cannot be accurately assessed in the absence of further study to evaluate experimental manipulation of this protein. Additional studies perhaps employing strategies designed to directly inhibit or activate these signaling molecules during mechanical overload may prove to be useful in addressing this possibility. Irrespective of the mechanism, it is likely that IR or related comorbidity associated differences in the ability of skeletal muscle to undergo hypertrophy may be of clinical importance given the potential role that muscle growth may play in regulating glucose homeostasis. 
